Abstract. The MCF10AT cell series of human breast epithelial cancer cells includes normal MCF10A (10A), premalignant MCF10AT (10AT) and MCF10ATG3B (10ATG3B), and fully malignant MCF10CA1a (10CA1a) cells. The series is a unique model system showing progressive tumorigenic potential with the same origin. The effects of paclitaxel, a microtubule inhibitor, were evaluated in this cell system. Paclitaxel inhibited cell proliferation in a time-dependent (24, 48 and 72 h) and concentration-dependent (0-10 nM) manners with less sensitivity in 10CA1a cells. Treatment with paclitaxel (10 nM) for 24 h induced apoptosis in 10A, 10AT, 10ATG3B and 10CA1a cells, with 23.6, 26.1, 25.2 and 8.96%, respectively, in the sub-G 1 phase. Treatment with paclitaxel (0-10 nM) for 24 h, resulted in the appearance of DNA fragmentation (a hallmark of apoptosis) with less sensitivity in the 10CA1a tumor cells. Paclitaxel increased p53 protein expression in 10A, 10AT, 10ATG3B and 10CA1a cells, by 87, 102, 812 and 84%, respectively. The p21
Introduction
Breast cancer is a major leading cause of mortality among women in the US, and the risk for developing breast cancer in American women is estimated as one in seven (1) . The MCF10AT series of human breast epithelial cell lines is a system that consists of a series of cell lines with progressively increasing tumorigenic potential. This cell series includes the benign MCF10A (10A), premalignant MCF10AT (10AT) and MCF10ATG3B (10ATG3B), and fully malignant MCF10CA1a (10CA1a) cells (2) . These breast cell lines, derived from the same patient with benign fibrocystic disease (3) , are a unique system with common genetic features. The cells were utilized to examine early and progressive alterations in signaling proteins that occur in the cells ranging from benign to transformed/slowly tumorigenic, to high-risk transformed/hyperplastic and sporadically tumorigenic, to fully malignant cells (4, 5) .
Paclitaxel was isolated from the bark of the Pacific yew tree, Taxus brevifolia (6) . It was initially approved for use in advanced ovarian cancer and subsequently for the treatment of metastatic breast cancer (7) . Paclitaxel is currently used against a wide range of solid tumors, including urothelial, breast, ovarian and lung cancers (8) . The antitumor effects of paclitaxel may result from interference with the normal function of microtubules and from blocking cell-cycle progression in the late G 2 -M phase (9) . Paclitaxel induces apoptosis that is mediated through G 2 -M arrest and DNA fragmentation (10) . However, it was shown that paclitaxel-induced apoptosis may occur without a prior G 2 -M arrest (11) , instead in the G 1 -S stages. Intrinsic and acquired drug resistance to paclitaxel are serious issues that arise during therapy (12) . Many factors are involved in drug resistance, including mutations in α and β tubulin, differing compositions of β-tubulin isotypes, overexpression of multidrug resistance-associated proteins, such as P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), multidrug resistance-associated protein (MRP), and increased microtubule dynamics with altered microtubule-associated protein τ (MAP τ ) expression (13) . Therefore, functional aberrations in molecular pathways, such as cell-cycle control, growth promotion and apoptosis can contribute to chemoresistance (14) .
We previously reported a progressive increase in Ras protein levels and proteins involved in the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway (4) and resistance to rapamycin in this cell lineage (5). Starcevic et al reported resistance to Fas-mediated apoptosis (15) , and decreased sensitivity to oxidative DNA damage by H 2 O 2 with increased risk of tumorigenicity in the same cell lineage (16) . The purpose of the present study was to evaluate the effects of paclitaxel, including cell proliferation, apoptosis and cell cycle arrest in benign, premalignant and tumor cells of the MCF10AT human breast epithelial cell lineage. We also examined whether these human breast epithelial cancer cells developed chemoresistance to paclitaxel.
Materials and methods
Human breast epithelial cell lines. The 10A, 10AT, 10ATG3B and 10CA1a cell lines were obtained from Dr Novak and Dr Miller at the Karmanos Cancer Institute (Detroit, MI, USA). Benign 10A cells, the progenitor line of the 10A series, are spontaneously immortalized breast epithelial cells obtained from a female patient with fibrocystic breast disease (3). The 10A cells were transfected with a mutated T 24 Ha-ras gene to generate premalignant 10AT cells (17, 18) . The premalignant 10ATG3B cell line was generated from 10AT cells that underwent this process of transplantation in nude/beige mice and re-establishment in culture three times (2) . The 10ATG3B cells were more tumorigenic than 10AT cells. The fully malignant 10CA1a cell line was generated from a xenograft obtained from sequential passages by trocar transplantation (19) . The 10CA1a cell line led to rapidly growing tumors with 100% efficacy.
Cell culture. The cells were cultured in Dulbecco's modified Eagle's medium/F-12 medium supplemented with 10 mg/ml of human insulin, 20 ng/ml of epidermal growth factor (all from Invitrogen, Carlsbad, CA, USA), 0.5 mg/ml of hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 5% horse serum, 100 U/ml of penicillin and 100 mg/ml of streptomycin (both from Invitrogen). The cells were maintained in a humidified environment of 5% CO 2 /95% air at 37˚C as previously described (4, 5 Flow cytometry. The cells were treated with 10 nM paclitaxel for 24 and 48 h, harvested in 0.25% trypsin/0.1% EDTA (in phosphate-buffered solution), centrifuged for 5 min at 500 x g and 4˚C, washed and fixed with 75% ethanol and then resuspended in 1 ml of propidium iodine staining solution (i.e., 50 µg/ml of propidium iodide, 100 U/ml of ribonuclease A and 0.1% glucose) for 1 h. Apoptotic cells were quantified on the FACSCalibur flow cytometer and identified using Cell Quest software (Becton-Dickinson, San Jose, CA, USA). Red fluorescence, measured at 585/542 nm, indicative of propidium iodide uptake by damaged cells, was measured by logarithmic amplification and electronic compensation for spectral overlap (21) .
Immunoblot analysis. The cells were treated with 10 nM paclitaxel for 24 and/or 48 h, and subsequently lysed. Protein concentrations were determined as previously described (22) . Protein samples (20-40 µg of protein/lane) from three dishes of cells were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a gel (7.5-15%) and transferred to nitrocellulose. Blots were incubated with the appropriate diluted primary antibody in 5% bovine serum albumin (BSA), Tris-buffered saline (TBS) and 0.1% Tween-20 (TBS-T) at 4˚C with gentle agitation, overnight, followed by incubation with a secondary antibody conjugated to horseradish peroxidase for 2 h at room temperature for immunodetection. Protein expression was detected by enhanced chemiluminescence (Amersham Life Science, Piscataway, NJ, USA) on Kodak X-OMAT film (Sigma). Exposed film was scanned and the band density was quantified by Kodak 1D Image Analysis (Eastman Kodak Company, Rochester, NY, USA). GAPDH was used as an internal standard.
MRP1, MDR1 and BCRP expression.
Total cellular RNA was isolated from cells with TRIzol reagent (Invitrogen) and purified with an RNeasy mini kit (Qiagen, Valencia, CA, USA). Single-stranded oligo(dT)-primed cDNA was generated from 2 µg total RNA using RNA reverse transcriptase (Applied Biosystems, Foster City, CA, USA). The quantitative reverse transcribed PCR (RT-qPCR) reaction was prepared using the Power SYBR-Green Master Mix and RT-qPCR was performed with the StepOnePlus Real-Time PCR system (both from Applied Biosystems). The semi-quantitative RT-PCR reaction was prepared using GoTaq ® PCR Master Mix (Promega, Madison, WI, USA). Each sample had a final volume of 15 µl containing ~100 ng of cDNA. Primers used for analysis of human MDR1, MRP1 and BCRP were: MDR1 (forward, 5'-AAG CCA CGT CAG CTC TGG ATA-3' and reverse, 5'-CGG CCT TCT CTG GCT TTG T-3' , 73 bp); MRP1 (forward, 5'-AAG AAA ACA GGG AAG CAG CA-3' and reverse, 5'-GCT CTC TGG GTT TGA AGT CG-3', 150 bp); BCRP (forward, 5'-CCC GCG ACA GTT TCC AAT GA-3' and reverse, 5'-GGC GTT GAG ACC AGG TTT CA-3' , 171 bp); and GAPDH (forward, 5'-GTC AAC GGA TTT GGT CGT ATT-3' and reverse, 5'-AGT CTT CTG GGT GGC AGT GAT-3'). GAPDH was used as an internal standard. The amplification reaction was carried out with 2 µl of cDNA product for 40 cycles; each cycle consisted of 95˚C for 30 sec, 60˚C for 30 sec, and 72˚C for 30 sec, followed by a final 1-min elongation at 72˚C. Relative mRNA levels were assessed using the 2 -ΔΔCt method or 1.5% agarose gel electrophoresis.
Statistical analysis. Data were presented as means ± standard deviation. Statistical significance (P<0.05) between groups was determined by analysis of variance (ANOVA), followed by the Tukey-Kramer multiple comparison analysis (4, 5) .
Results
Cell proliferation of the MCF10AT cell lineage. Paclitaxel differentially inhibited cell proliferation of 10A, 10AT, 10ATG3B and 10CA1a cells in a time-dependent (24, 48 and 72 h) and concentration-dependent (0-10 nM) manner as determined by the MTT assay (Fig. 1) . Paclitaxel treatment at 10 nM for 48 h inhibited 10A, 10AT and 10ATG3B cell proliferation by 62.3, 46.2 and 42.3%, respectively. However, paclitaxel inhibited 10CA1a cell proliferation by 29.2% at 48 h, showing that the 10CA1a tumor cells were less sensitive to paclitaxel than the benign (10A) and premalignant (10AT and 10ATG3B) cells (P<0.01, Fig. 1 ). The same pattern of inhibition by paclitaxel was also observed at 24 and 72 h (Fig. 1) .
Cell cycle analysis. We determined whether paclitaxel induced apoptosis and cell cycle arrest of the MCF10AT cell series.
Paclitaxel differentially arrested the cell-cycle progression of the MCF10AT cell series at the subG 1 /G 1 phase (Fig. 2) . (Fig. 2) . G 1 arrest by paclitaxel was prominent in the 10AT and 10ATG3B premalignant cells at 48 h and 20.2 and 10.2% apoptosis was consistently detected in 10A and 10CA1a cells, respectively, at 48 h (Fig. 2) . These results indicated that paclitaxel inhibited cell proliferation through cell-cycle arrest from the subG 1 to G 1 phase at 24 h and from G 1 to S phase at 48 h in the MCF10AT cell lineage, which was accompanied by a decrease in S-phase progression. Additionally, the 10CA1a tumor cells were more resistant to paclitaxel-mediated cell cycle arrest (Fig. 2) .
Measurement of DNA fragmentation. The apoptotic effect of paclitaxel was confirmed by the measurement of cytoplasmic DNA fragments, the hallmark of apoptosis (Fig. 3) . The cells treated with 0, 1, 2, 5 and 10 nM paclitaxel for 24 h showed that DNA fragments increased in a concentration-dependent manner with less sensitivity in fully malignant 10CA1a cells (Fig. 3) . Treatment of 10A, 10AT, 10ATG3B and 10CA1a cells with 10 nM paclitaxel resulted in DNA fragmentation levels of 300, 210, 270 and 181%, respectively, as compared to each control, while the 10CA1a cells were significantly less sensitive to paclitaxel than the benign and premalignant cells (P<0.05).
Protein expression involved in the cell cycle and Akt pathway.
Immunoblot analysis results of subG 1 /G 1 checkpoint protein expression at 24 h, particularly p53 and PARP are shown in Fig. 4 . Paclitaxel increased p53 protein expression by 87, 102, 812 and 84% in 10A, 10AT, 10ATG3B and 10CA1a cells, respectively, and induced cleaved PARP fragmentation. Cleaved PARP fragmentation was minimally detected at 48 h except in 10A cells. These results correlated well with hte paclitaxel-mediated induction of apoptosis with the decreased sensitivity in 10CA1a cells (Fig. 2) .
Cell cycle-dependent phosphorylation by cdk inhibited Rb target binding, thus allowing cell-cycle progression (23) . The levels of Rb protein were significantly reduced in each of the cell lines at 24 and 48 h post-paclitaxel treatment (Fig. 4) . The levels of phospho-Rb (Ser780, Ser795 and Ser807/811) were differentially decreased in the four cell lines at 24 and 48 h post-paclitaxel treatment, with less decrease in 10CA1a cells (Fig. 4) . Paclitaxel increased the cdk inhibitor, p21
Waf1/Cip1 protein expression in 10A, 10AT and 10ATG3B cells at 24 h by 2.57-, 1.53-and 2.48-fold, respectively, but negligibly in 10CA1a cells at both 24 and 48 h (Fig. 4) . p27
Kip1 protein, another cdk inhibitor, was also significantly increased in 10A, 10AT, 10ATG3B and 10CA1a cells by 2.73-, 2.22-, 2.40-and 1.71-fold, respectively, post-paclitaxel treatment for 24 h (Fig. 4) . Cyclin D3 levels were minimally changed at 24 h post-paclitaxel; however, 48-h treatment with paclitaxel effectively reduced cyclin D3 levels in all the cell lines by 11-85% (Fig. 4) . These results supported, in part, that paclitaxel inhibited cell proliferation by G 1 /S cell-cycle arrest in the MCF10AT cell lineage.
Activation of Akt was shown to play a key role in the development of therapeutic resistance (24) . The basal protein expression of phospho-Akt (Ser473 and Thr308) was significantly higher in 10CA1a tumor cells (4) and was not inhibited by paclitaxel at 24 h (Fig. 5A) . These phenomena applied to the downstream targets of Akt, i.e., phospho-p70S6K (Thr421/ Ser424 and Thr389) and phospho-S6RP, where paclitaxel inhibited these phospho-proteins efficiently in 10A, 10AT and 10ATG3B cells but not sufficiently in 10CA1a cells (Fig. 5A) .
We also observed other proteins involved in apoptosis and the G 1 /S cell-cycle checkpoint, i.e. E2F1, Bax, cyclin A and cdk2. Paclitaxel reduced cdk2 protein levels in 10A, 10AT, 10ATG3B and 10CA1a cells at 24 h by 55.0, 70.3, 68.2 and 18.2%, respectively, compared to the untreated controls (Fig. 5B) . Cyclin A, the binding partner of cdk2 for S-phase progression, was inhibited by paclitaxel in the same pattern as cdk2 (Fig. 5B) . Transcription factor E2F1 binds preferentially to Rb in a cell cycle-dependent manner and mediates cell proliferation and apoptosis (25) . Paclitaxel reduced E2F1 protein levels in the 10A, 10AT, 10ATG3B and 10CA1a cells at 24 h by 52.2, 55.0, 59.9 and 3.9%, respectively, compared to the untreated controls (Fig. 5B) . The apoptosis regulator Bax was upregulated by the tumor suppressor protein p53 and was found to be involved in the p53-mediated apoptosis (26) . The 10A, 10AT and 10ATG3B cells gradually increased basal Bax protein expression and paclitaxel-induced Bax protein; however, Bax was minimally expressed in 10CA1a cells (Fig. 5B) .
RT-qPCR analysis. We evaluated the causes of chemoresistance to paclitaxel in 10CA1a cells by measuring the basal expression of multidrug resistance-associated genes in the MCF10AT cell lineage using RT-qPCR. MDR1 was significantly decreased (P<0.001) in 10AT, 10ATG3B and 10CA1a cells. However, MRP1 and BCRP gene expression was significantly increased in 10AT and 10CA1a cells compared to benign 10A cells (Fig. 6A) . The effects of paclitaxel on the MDR1, MRP1 and BCRP gene expression were not significant in the MCF10AT cell lineage, with only minimal changes observed at 24 h (Fig. 6B) .
Discussion
Paclitaxel is an effective treatment of advanced ovarian cancer and metastatic breast cancer in clinical trials. However, loss of sensitivity remains to be clarified. We evaluated the chemotherapeutic efficacy of paclitaxel in the MCF10AT cell lineage, the unique in vitro cell system with progressive tumorigenic potential of breast cancer ranging from benign, premalignant and the fully malignant state (4, 5) . Paclitaxel-induced inhibition of cell proliferation was progressively decreased in 10A, 10AT, 10ATG3B and 10CA1a cells, and apoptosis and G 1 /S-phase cell-cycle arrest were markedly induced in benign and premalignant cells as compared to fully malignant cells, indicating that 10CA1a cells were more resistant or less sensitive to paclitaxel than normal (10A) and less tumorigenic (10AT and 10ATG3B) cells. These results were further confirmed by determining the level of proteins involved in apoptosis and the G 1 /S cell cycle, and the DNA fragmentation assay. Paclitaxel inhibited cdk2, Rb, phospho-Rb and cyclin D3 protein expression and increased PARP fragmentation, p21
Warf1/Cip1 , p27
Kip1 and p53 at 24 and/or 48 h with less sensitivity in 10CA1a cells. This finding may be, in part, due to the development of chemoresistance to paclitaxel in 10CA1a tumor cells, which is a common phenomenon in ovarian, pancreatic, bladder, colon and non-small cell lung cancer (24) . We examined the causes of chemoresistance to paclitaxel in 10CA1a cells.
Firstly, chemoresistance to paclitaxel is easily developed in various solid tumors, such as colon, ovarian and breast cancers due to overexpression of the MDR1 gene which encodes P-gp. Paclitaxel is a representative substrate for P-gp. Thus, we evaluated the expression of MDR1 and other multidrug resistance-associated genes, MRP1 and BCRP, in the MCF10AT cell lineage. MDR1 gene is minimally expressed and MRP1 and BCRP were highly expressed in 10AT, 10ATG3B and 10CA1a cells. Our data showed that the basal expression of MDR1 gene was unchanged in the MCF10AT cell lineage and BCRP was highly expressed in 10AT and 10CA1a cells in the microarray study (data not shown). Immunoblot analysis results also showed that P-gp protein was undetected in the MCF10AT cell lineage, yet the BCRP protein was expressed in 10AT, 10ATG3B and 10CA1a cells (data not shown). Furthermore, the gene expression of MRP1 and BCRP was not affected by paclitaxel. Therefore, MDR1 was not involved in paclitaxel-induced resistance in 10CA1a cells and the high expression of MRP1 and BCRP was not associated with chemoresistance to paclitaxel in 10CA1a cells.
Secondly, we examined the basal expression of proteins in the MCF10AT cell lineage in the present study. Notably, the basal expression of p53 was progressively decreased in 10A, 10AT and 10ATG3B cells but increased in 10CA1a cells. Moreover, while p53 was markedly increased by paclitaxel in 10A, 10AT and 10ATG3B cells, it was minimally increased in 10CA1a cells, suggestive of a potential role for p53 in paclitaxel resistance. It was reported that tumors expressing wild-type p53 were less likely to respond to paclitaxel in metastatic breast cancer (27) . The study of breast cancer patients with metastatic disease showed that 11 of the 33 patients expressed wild-type p53 and none of the 11 patients with wild-type p53 showed chemoresistance to paclitaxel (28) . The role of p53 in chemoresistance is extremely controversial, however, p21
Waf1/Cip1 expression was regarded as an important downstream molecule for p53-induced G 1 arrest in various types of cancer (29) . Our data show that p21
Waf1/Cip1 was expressed in 10A, 10AT and 10ATG3B cells and paclitaxel induced p53 and p21 Waf1/Cip1 , which resulted in strong G 1 cell-cycle arrest in 10AT and 10ATG3B premalignant cells. However, p21
Waf1/Cip1 was minimally expressed in 10CA1a cells, which caused 10CA1a to inefficiently remain in the G 1 state. Despite any induction of p53, 10CA1a cells did not remain in the G 1 phase without p21 Waf1/Cip1 , as identified in 10AT and 10ATG3B cells. This may have been a cause of unresponsiveness to paclitaxel in 10CA1a cells.
Lastly, the PI3K/Akt signaling pathway phosphorylates molecules downstream from Akt and other effector proteins, including the proapoptotic proteins. Increased activation of the PI3K/Akt signaling pathway in various breast cancers that are associated with PTEN mutations, erbB2 or estrogen-receptor overexpression, promoted breast cancer cell survival and induced resistance to chemotherapy, such as doxorubicin, trastuzumab and paclitaxel (30) (31) (32) . Ovarian cancer cells overexpressing active Akt/Akt1 were highly resistant to paclitaxel, as compared to cells expressing low Akt levels in different cell lines (33) . Previously, it was shown that, phospho-Akt and its downstream molecule, forkhead transcription factors other (FOXO) phosphorylation progressively increased with the increasing tumorigenic potential of the MCF10AT cell lineage. The progressively increasing levels of H-ras were suggested as biomarkers of tumorigenic risk from hyperplastic breast tissue (4) . High expression of phospho-Akt (Ser473 and Thr308) in fully malignant 10CA1a cells revealed less sensitivity to Akt inhibitors (4) and PI3K inhibitors, wortmanin and LY294002 (data not shown). This resistance was also observed in the MCF10AT cell lineage treated with rapamycin (5). The cell proliferation, G 1 /S cell-cycle arrest and PI3K/Akt signaling protein expression, such as S6RP and p70S6 kinase, and the G 1 /S cell-cycle proteins, such as cyclin D3, were less responsive to rapamycin in 10CA1a cells (5) . Notably, the in vitro and in vivo inhibition of the PI3K/Akt pathway by LY294002 reportedly sensitized cancer cells to paclitaxel-induced apoptosis, tumor burden, and the reduction of ascites in ovarian (34) , glioma (35) and lung and esophageal (36) cancers. PI3K/Akt inhibitors, i.e., wortmanin and LY294002, enhance microtubule inhibitorinduced apoptosis in vitro (37) . Therefore, overactivation of the PI3K/Akt pathway may increase cancer cell survival and induce increased resistance to microtubule inhibitor drugs (24) . The potential of targeting this pathway therapeutically is being increasingly investigated (24, 37) .
Collectively, our results suggest that paclitaxel inhibited cell proliferation and induced apoptosis in the MCF10AT cell lineage, with resistance in the 10CA1a tumor cells. The decreased responsiveness to paclitaxel in 10CA1a tumor cells may be, in part, due to activation of the PI3K/Akt signaling pathway and the high expression of wild-type p53 with a lack of p21
Waf1/Cip1 in the 10CA1a tumor cells.
